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Highlights 
 
• A new type of piggyback pipeline structure is proposed  
• New type of piggyback pipeline can reduce the depth and width of scour hole around 
pipeline 
• Little scour around this new type piggyback pipeline occurs when small pipe diameter over 
large pipe diameter over a certain value 
Abstract 
This paper presents the results of laboratory experiments and numerical simulations to investigate 
the effect of different piggyback pipeline configuration on the morphology of local seabed scour 
subject to steady currents. Piggyback pipeline configuration investigated includes the commonly 
used piggyback pipeline, namely a small pipe attached on the top of large pipe and new form of 
piggyback pipeline proposed in this study in which a small pipe is attached to the large pipe on the 
upstream and downstream side, respectively. Pressure gradient, drag coefficient, lift coefficient and 
scour extent around pipelines are measured and analyzed for a range of pipelines and current 
conditions. Results show that the vortex strength downstream of the commonly used piggyback 
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pipeline is larger than that for a single as well as the new piggyback pipeline under the same 
condition. This new type piggyback pipeline can effectively reduce the depth and width of the scour 
hole. In particular, when the ratio of the small pipe diameter over the large pipe diameter is greater 
than 0.3, little scour under this new type piggyback pipeline occurs for the test conditions. The bed 
topography downstream of the pipe has also been altered to favor the backfill.  
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1. Introduction 
In recent years, as a new-model of offshore oil and gas transport pipeline, the piggyback 
pipeline has been gradually used in offshore oil and gas engineering due to its low design and 
construction costs as well as short construction period (Brockbank, 1990). The most general 
configuration of piggyback pipeline bundles comprises one large pipeline with a small pipe attached 
directly above the large one, as shown in Fig.1 (a). The large pipe transports the oil and gas, while 
the small pipe transports monitoring signal and the oil displacement material (Jakobsen and Sayer, 
1995). This pipeline has been adopted and applied to the marginal oilfield development in the Bohai 
Sea of China (Yang et al., 2007). 
When a structure (e.g. pipeline, mono-pile) is installed in offshore seabed, the structure will be 
subjected to wave or current or the combination of wave and current loading (Sumer 2014; Fredsøe 
2016; Lin et al. 2017; Sui et al. 2017). The structure in turn generates a complex wave or current-
structure-seabed interaction system (Sumer 2014; Fredsøe 2016; Sui et al. 2016). Though extensive 
studies have been conducted to investigate the marine loading (wave and/or current) acting on a 
single pipeline laying or embedded in seabed (e.g. MacPherson 1978; Sudhan et al. 2002; Lin et al. 
2016; Fredsøe 2016; Sun et al. 2019) and the local scour depth beneath the pipeline in clear-water 
and live-bed conditions (Mao 1986; Sumer et al. 2001; Najafzadeh et al. 2014a,b; Najafzadeh and 
Sarkamaryan 2018; Najafzadeh and Saberi-Movahed 2018), relatively few studies have been 
conducted to investigate the marine waves and/or currents interacting with a piggyback pipeline. 
Similar to single pipeline, most piggyback pipelines are directly exposed to the marine environment 
and are subject to several marine environmental loads, such as underwater currents and waves. In 
addition, due to its complex structure and the interference between the two pipes, the piggyback 
pipeline is more vulnerable to damage than the single pipe (Kalghatgi and Sayer, 1997).This means 
that further studies are required to improve the design of piggyback pipeline and thus its stability. 
Ma and Wang (1993) investigated the hydrodynamic loading under the action of waves and 
current on the piggyback pipeline. Their results showed that the drag coefficient CD and the inertia 
coefficient CM decreased with the increase of the Keulegan-Carpenter (KC) number. They also found 
that CM varied between 1~4. Jester and Kallinderis (2003), Liu et al. (2007), Lee and Yang (2009) 
investigated the incompressible flow interacting with the fixed  cylinder pairs of various 
arrangements, including tandem, side-by-side and staggered. They classified the flow regimes into 
different types based on the streamlines and contours of span wise vorticity. Using a Computational 
Fluid Dynamics (CFD) model, Kamarudin et al. (2006) investigated the hydrodynamic loading on 
the bundle under steady flow condition. Their results showed that the angle of the small pipe had 
great influence on the drag and lift coefficient for the bundle. They also showed that the equivalent 
diameter approach might underestimate the force acting on the bundle. Zhao and Cheng (2007; 2008) 
and Zhao (2012) applied numerical models to investigate the vortex shedding and the hydrodynamic 
force acting on the piggyback pipeline. Their results demonstrated that the vortex shedding always 
existed when the ratio (G/D) of the gap G over the larger pipeline diameter D (see Fig. 1(a)) was 
greater than 0.6; while the vortex was suppressed when G/D≤0.2. For very small ratio (e.g. 
G/D<0.15), only one vortex appeared downstream. While when G/D≥0.15, there were two vortices 
occurred in the lee side of the piggyback pipeline. They also found that the scour depth under the 
piggyback pipeline center reached the maximum value when the gap ratio G/D=0.15. Study of 
Cheng et al. (2013) showed that the hydrodynamic coefficient decreased with the increase of 
incoming flow velocity. They found that the positive lift coefficient CL+ decreased with the increase 
of e/D (e is the gap between the bottom of the large pipe and the seabed, see Fig. 1(a)) and with the 
decrease of G/D while |CL- |increased with the increase of e/D and decreased with the increase of 
G/D. Zang et al. (2013) investigated the vortex induced vibration (VIV) of the piggyback pipeline. 
The asymmetry of the transverse vibration configuration for the piggyback pipeline was observed 
in their study, especially for the ratio of the gap over the diameter ranging from 0.1 to 0.5. Cheng et 
al. (2012) investigated the influence of the hydrodynamic wave loading on the piggyback pipeline 
under wave action. Their results indicated that the force coefficients initially decreased and then 
remained almost constant when e/D was beyond 0.5. Zang and Gao (2014) carried out the physical 
modeling studies to investigate the influence of the mass-damping parameter, the ratio of between 
the gap and large pipe diameter, the ratio of the spacing over the large pipe diameter and the position 
angle of small pipe on the VIV response. In their tests, they found that for the small pipe placed 
directly above the main large pipe (namely θ=90°), the VIV was suppressed most effectively by the 
small pipe at G/D≈0.25. For G/D=0.25, the minimum peak amplitude and the maximum critical 
reduced velocity occurred at the position of θ≈120°. Using a numerical model, Panet al. (2015) 
investigated the VIV characteristics of the piggyback pipeline. Their numerical results revealed that 
the drag force of the piggyback pipeline was about 65% higher than that of a single pipe. Local 
scour around the piggyback pipeline under steady current has been studied by Zhao et al. (2018) 
who applied both the numerical simulation and physical experiment. They found that the scour depth 
has been significantly influenced by the inflow Re number and the gap-ratio. Analysis of the results 
showed that the scour depth increased with the increase of the inflow Re number and decreased with 
the increase of the gap-ratio. 
Though the above studies have demonstrated some features of current/wave interacting with 
the typical piggyback pipeline, there still exists some challenge and the problem remains far from 
fully understood. For example, relatively few studies on the scour scale of the piggyback pipeline 
have been carried out though Mao (1986); Cevik and Yüksel (1999); Sumer et al. (2001) and Yang 
et al. (2012a, b; 2014) investigated the scour around a single pipe subject to constant flow or wave 
action. For the protection of the scour around the piggyback pipeline, even fewer studies have been 
performed to investigate the problem due to the complicated hydrodynamics and vortex-induced-
vibration (VIV), which motivates this study. In this paper, a serious of laboratory flume experiment 
is performed to investigate the scour around the piggyback pipeline. Stimulated by Mao’s study 
(1986) in which the onset scour was caused by the sediment piping induced by the vortex generated 
pressure difference between upstream and downstream of pipe, this study considers how to reduce 
the pressure gradient between the upstream and downstream sides of the main pipe. To this end, the 
configuration of the typical piggyback pipeline is modified accordingly, as shown in Fig.1 (b). In 
order to verify the rationality of this piggyback configuration, numerical simulation and laboratory 
experiments are carried out to investigate the flow, pressure field, sediment transport and scour 
around the pipeline. 
 2. Laboratory experiment and numerical simulation 
2.1 Experimental set up 
The laboratory experiments are carried out in a wave flume in Ocean University of China. The wave 
flume is 25m in length, 0.5m in width and 0.6m in depth. The pipes, having the same width as that 
of the flume, are placed on the sandy bed, as shown in Fig.2 (a) (plan view). A 0.15m high and 5m 
long sandy bed is built in the middle of the flume, with 1:10 slope at each end, as shown in Fig. 2 
(b) (side view).Twelve water proof force transducers are installed on the main pipe surface to 
measure the pressure field around the piggyback pipelines, as shown in Fig.2 (c). Fig. 3 shows the 
force transducer (a) and Acoustic Doppler Velocimeter (b) used in the experiments for the 
measurement of pressure and flow field. 
The main pipe tested has the outer diameter (D) of 0.08m, 0.10m, 0.12m and the small pipe 
diameters (d) tested are 0.008m, 0.01m, 0.012m, 0.016m, 0.02m, 0.024m, 0.025m, 0.03m.0.036m, 
respectively. In order to investigate the effect of current velocities on the local scour around the 
piggyback pipeline, three inflow velocities 0.2m/s,0.25m/s and 0.32m/s are tested. The flow velocity 
is measured using an ADV (see Fig. 3(b)), which is mounted on a rail along the flume. The water 
temperature is measured using a thermometer and is kept as constant of 20°C. The water depth is 
kept at a constant of 0.4m for all tests.  
In practical applications, the diameter of the submarine pipeline is usually between 0.3~4m. 
This experimental test is mainly for the moderate pipeline size of 1~3m.Therefore, the 
corresponding model scale for the pipeline size is about 1/10~1/20. In general, based on most 
laboratory model scale, the test sand would be silt or clay. As silt or clay is cohesive and has strong 
flocculation and is not suitable for simulating the characteristics of seabed sediment, the 
experimental test adopts the prototype sand. The mean diameter of tested sand is d50 =0.2mm, the 
specific gravity of the tested sand is 2650kg/m3 and the porosity of the tested sand is n=0.4.The 
particle size distribution of sediment used in experiments is shown in Fig.4. 
For the tested sediment, the value for the Shields parameter can be calculated by (Chien and 
Wan 1999): 
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Where c is the shear force, ρs is the density of sediment, ρ is the density of the water and ds is the 
mean particle size of sand (taken as d50).  
The shear force is defined as  
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where v* is the friction velocity which can be obtained using the logarithmic velocity distribution 
formula (Einstein and Chien 1955) 
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where v is the velocity of flow, Ks is the roughness of bed and can be replaced by d65=0.27mm (from 
Fig. 4), x is the correction parameters, x= f (Ks/δ), δ is the thickness of the near-wall flow,
*=11.6 / v 
  
ν is the corresponding kinematic viscosity, y is the height of the velocity 
measurement point, which can be taken as 0.5D.   
Substituting v=0.2m/s, 0.25m/s and 0.32m/s into the above equation respectively, 𝜃=0.026, 
0.0416 and 0.0682 can be obtained. According to the shield curve, when 𝜃=0.026 and 0.0416, it is 
clear water conditions, when 𝜃 =0.0682, it is live bed scour. This means that for the chosen 
experimental velocity v=0.2m/s,0.25m/s, the scour will be in clear water, while for v=0.32m/s, it 
will be in live bed scour.  
Each experimental run lasts for 4 hours. The scour depth and scour profile are monitored at 
regular intervals until the scour reaches the quasi-equilibrium state. The quasi-equilibrium scour 
profiles are measured using a depth probes installed on rail along the flume with a least reading of 
0.1mm. Table 1 lists the experimental parameters. In total 45 experiments are carried out in which 
9 in Run 1, 12 in Run 2, Run 3 and Run 4, respectively. 
 
2.2 Numerical simulation  
The initial pressure distribution and the flow field near the single main pipeline, commonly 
used piggyback pipeline and new configuration of the piggyback pipeline under the action of 
constant flow are simulated using the numerical method of Zhang et al. (2013). A rectangular 
computational domain with 6m in length and 0.4m in width is used in the simulation. In order to 
simulate scoring process below the new piggyback pipeline, a two dimensional numerical model of 
local scour based on incompressible Reynolds-averaged Navier-Stokes (RANS) equations, the 
continuity equation and finite volume method is established through the redevelopment in FLUENT 
code. Dynamic mesh is used to capture the change of bed surface profile. k-ω turbulence closure 
model is used for turbulence simulation to better simulate the near bed flow (Wilcox 2008). The 
calculated parameters of the bed are computed via UDF (user defined function). The free surface 
between water and air has been resolved by the volume of fluid (VOF) method. The left inlet of the 
computational domain is set as the velocity inlet and at the outlet the pressure outlet boundary is 
applied (Guo et al. 2008, 2014).  The water surface boundary is specified as the atmospheric 
pressure boundary while the bed boundary is set as the wall boundary. The velocity at the first mesh 
near the bed is estimated using the standard wall function law (Launder and Spalding 1974). The 
initial conditions of the hydrodynamic pressure and surface displacements are set to zero. Non-
uniform unstructured meshes are used around the new piggyback pipeline to better fit the shape of 
the pipeline. This mesh arrangement has advantage of locally refining the concerned regions, such 
as the pipeline area (Guo et al. 2012; Jing et al. 2009, 2011). The mesh densities in all the 
computations are the same as those shown in Fig.5 in which D=0.1m and d=0.03m. The total nodal 
point number is 63983 with the minimum mesh size being of about 0.0005m. The relationship 
between numerical results and mesh density is tested for convergence which shows that the 
numerical results have little change when the mesh nodal point is more than 63983. This mesh 
density is therefore used for all simulations. The dimensionless time step of 0.001 is used in all the 
computations. The diameters of small and large pipe and the water depth are set as the same as those 
used in the experiments. 
Six vertical velocity profiles from the numerical simulation are used to compare the flow field 
difference between upstream and downstream side of the pipeline for various pipeline arrangements. 
The locations of these velocity profiles chosen are shown in Fig.6. 
 
3. Results and Discussion 
3.1 Experimental Observations 
Figure 7 shows the experimental photos of the scour around the pipe at the quasi-equilibrium 
state for common piggyback pipeline (Fig.7(a)) and new form piggyback pipeline with different 
diameter ratios for θ=0.0682 (v=0.32m/s). It can be seen from Fig.7 that the depth of scour hole 
changes when the position and size of the small pipe changes .As shown in Fig.7(b), (c), (d) and (e) 
for the new piggyback pipeline, the quasi-equilibrium scour depth is reduced when the ratio of small 
pipe diameter over the large pipe diameter increases. Fig. 7(d) demonstrates that when the small-
large pipeline diameter ratio increases to 0.25, the quasi-equilibrium scour depth is significantly 
reduced. When the diameter ratio is beyond the critical value of 0.3, little scour depth is generated. 
Fig.7 (e) also shows that the bed elevation downstream of the pipe has risen, which may favor the 
backfill. 
Figure 8 displays the variation of the scour depth (h) with time (t) for D=0.1m and d=0.01m 
and θ=0.0682 (v=0.32m/s). It is seen that the scour depth has as sharp increase during the first two 
hours of the experiment. The scour depth then gradually develops. There is a marginal change of 
the scour depth after two and half hours of the experiment and the scour depth reaches the quasi-
equilibrium state after 3 hours. 
 
3.2 Pressure gradient of new piggyback pipeline 
To analyze the experimental data, dimensional analysis is carried out. Under the action of 
steady current, the local scour depth (h) of the piggyback pipeline is mainly related to the following 
variables: the small pipe diameter (d), the main pipe diameter (D), the specific weight of sediment 
particles (γs), the specific weight of water (γ), the median diameter of sediment (d50), the gravity 
acceleration (g), water viscosity, the current velocity (v) and water depth. In this study, water depth 
and the sediment median diameter are held as constants. Therefore, the scour depth (h) of new 
piggyback pipeline can be expressed as: 
h=f (d, D, γs,, γ, υ, g, v, H, d50)                (4) 
In this study, water depth, the gravity acceleration, the specific weight of sediment particles, 
the specific weight of water and sediment median diameter are held as constants, their influence on 
scour depth is therefore not considered. The above equation (4) can be simplified as 
h=f (d, D, v, υ)                               (5) 
Selecting v, D, υ as the basic variables and applying the dimensional analysis yields: 
= ( ,Re)
h d
f
D D                (6) 
where Re=vD/υ is the Reynolds number. This shows that under the current tested conditions 
conducted in this study, the scour depth is mainly related to flow Reynolds number and the ratio 
between the small and large pipe diameters.                 
     Figure 9 demonstrates the correlation between Re number and pressure gradient ratio at 
different diameter ratios for D=10cm and θ=0.0682 (v=0.32m/s) in whichp1 is the pressure gradient 
of the new piggyback pipeline; p0 is the pressure gradient of single pipeline. It can be seen from Fig. 
9 that the pressure gradient of single main is larger than that of the new piggyback pipe. For the 
same Reynolds number (e.g. the same incoming flow velocity), the pressure gradient radio decreases 
with the increase of diameter ratio. This may be ascribed to the fact that the presence of the small 
pipes upstream and downstream of the large pipe has a shielding effect on the bed surface which 
reduces the force of the upstream flow on the seabed near the main pipe. Consequently, the pressure 
gradient between the two sides of the piggyback pipe is reduced. With the increase of the pipe 
diameter ratio, the shielded area of the bed surface near the main pipe increases, resulting in even 
small pressure gradient between the two sides of the main pipe. 
 
3.3 Force coefficients on new piggyback pipeline 
The pressure distribution of different positions of the main pipe is measured using the force 
transducers installed on the pipeline. The lift force and drag force on the pipeline are calculated by 
the method of fitting integral as: 
12
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Where Fd is the drag force; FL is the lift force; N (=12) is the number of measurement point; Pn is 
the pressure value measured at the nth measurement point. The lift force coefficient and drag force 
coefficient can then be calculated as: 
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Where v is the undisturbed orbital velocity at the horizontal axis of the larger pipeline; ρ is the 
density of water. 
Figure 10 shows the variation of the drag force coefficient (Fig. 10 (a)) and lift force 
coefficient(Fig.10 (b)) with time for D=10cm, Re=32000 and θ=0.068. The force coefficients for 
the common piggyback pipeline from Zhao et al. (2018) are also plotted in Fig.10 for comparison. 
It can be seen from Fig.10 (a), the drag force coefficient on the piggyback pipe decreases gradually 
with time and is smaller than that on the common piggyback pipeline. When the scour depth reaches 
the quasi-equilibrium state (e.g. t>180 minutes), the variation of the drag force on the piggyback 
pipe is marginal. This may be explained as following. At the onset of the scour, the scour hole is not 
yet generated and water flow can only pass over the pipeline. As such, the drag force acting on the 
bottom of the pipe is small. With the development of scouring, flow through the bottom of main 
pipeline gradually increases while the wake vortex behind the piggyback pipeline gradually reaches 
steady state. Consequently, the pressure distribution around the pipe has insignificant variation, 
which results in almost constant drag force coefficient. In addition, as discussed above, the scour 
depth decreases with the increase of diameter ratio, resulting in a decrease in the drag force. As such, 
the drag force coefficient decreases with the increase of diameter ratio. When the diameter ratio of 
the pipe reaches 0.3, the scour depth tends to 0 (as shown in Fig.7 (e)) and the drag force coefficient 
has marginal change. Fig.10 (b) demonstrates that the lift force coefficient initially decreases with 
time and then gradually increases with time. This is because during the initial stage of scouring, the 
scour hole under pipeline develops with time. As time goes, the scour hole tends to be stable and 
the force acting on the pipe has insignificant change. It can be seen from Fig.10 (b) that the lift force 
coefficient around the new pipeline is positive and is higher than that around the common piggyback 
pipe. This means that the lift force of the pipeline is deviated from the surface of the bed, which 
prevents the pipeline from sinking. With the increase of the pipe diameter ratio, the lift force 
coefficient around the new piggyback pipe increases gradually. 
 
3.4 Equilibrium scour depth  
Figure 11 displays the correlation between Re number and the quasi-equilibrium scour depth 
for different pipe diameters, in which h1,h2 and h3 are the equilibrium scour depth for D=0.08m, 
D=0.1m, D=0.12m respectively. The equilibrium scour depth data of single pipe (Zhao (2017); Mao 
(1986)) and common piggyback pipeline (Zhao et al. (2018); Zhao and Cheng (2008)) are also 
plotted in Fig.11 for comparison. Fig.11 shows that for the same diameter ratio, the scour depth for 
typical piggyback pipeline is about 70% larger than that of the new form piggyback pipeline under 
the same conditions. Under the same conditions, the scour depth of the new pipe is also smaller than 
that of the single pipe. The scour depth of new piggyback pipe tends to increase with the increase 
of the flow Re number and decreases with the increase of the diameter ratio. This variation trend is 
the same as that of the typical piggyback pipeline. This is because a larger Re number is likely to 
generate greater shear stress at the surface of the bed. But contrary to the typical piggyback pipeline, 
the scour depth of the new type piggyback pipeline decreases with the increase of the diameter ratio. 
 
3.5 Equilibrium scour width  
Figure 12 illustrates the effect of Re number on the equilibrium scour width, where W1, W2 and 
W3 are the scour width of the quasi-equilibrium sour hole for D=0.08m, D=0.1m, D=0.12m, 
respectively. Similar to the scour depth, the extent of scour hole around single main pipe in greater 
than that of the new piggyback pipe. Fig.12 shows that the quasi-equilibrium scour width increases 
with the increase of Re number and decreases with the increase of the diameter ratio.  
 
3.6 Numerical results 
Figure 13 shows the comparison of laboratory experimental results and numerical simulation 
results of velocity distributions in section 2 (Fig. 13(a)); section 4 (Fig. 13(b)) and section 6 (Fig. 
13(c)) for d/D=0.25 (D=0.1m, d=0.025m) and θ=0.0682. It is seen from Fig. 13 that the simulated 
velocity field in general agrees well with the measurements though some discrepancy between 
simulation and experiment exists at section 4 where the vortex is generated. This indicates that the 
numerical model has capacity to accurately reproduce the complex flow field around the piggyback 
pipeline.    
Figure 14 shows the comparison of simulated vertical velocity profiles at different sections for 
single pipe, typical piggyback pipeline and new type piggyback pipeline for D=0.1m, d=0.025m, 
Re=32000 and θ=0.0682. Fig.14 shows that in general, the vertical velocity profiles for new 
piggyback pipes are similar to those for single pipe. Slight difference of the velocity profile near the 
bed in the wake region is noticed, indicating that the small pipe in the piggyback pipelines has 
certain effect on the flow field near bed. Fig.14 (a), (b) and (e) shows that the vertical velocity 
profiles of the three different pipeline arrangements are similar at the far upstream section 1 and 
section 2 and far downstream section 6 and follow the traditional exponential distribution. This 
indicates that the presence of pipelines has insignificant effect on the flow velocity far upstream of 
the pipeline. It is seen from Fig 14 (c) that the velocity profile at the directly above pipeline section 
3 for typical piggyback pipeline is larger than those for the single and new piggyback pipelines. 
This is because the obstruction effect from the typical piggyback pipeline is larger than that for 
single and new piggyback pipelines, leading to the increase of velocity for the typical piggyback 
pipelines. The velocities of section 4 and 5 are shown in Fig 14(d) and (e).The two sections are 
located in the wake region and the reverse velocities at these two sections indicate that vortices are 
generated in both sections for all pipeline arrangements. Comparing Fig 14 (d) and (e), it can be 
seen that the intensity of vortex in section 5 is less than that in section 4. Fig.14 (d) and (e) also 
show that the vortex strength of the typical piggyback pipeline is larger than that for single and new 
piggyback pipeline due to the greater blockage effect from the former piggyback pipeline. 
 
4 Conclusions 
In this study, the flow field and pressure distribution, the force coefficients, the quasi-
equilibrium scour extent (e.g. depth and width) of the new piggyback pipeline have been 
investigated for a range of parameters, including pipe diameter ratio and velocity using numerical 
simulation and physical model experiments. From the analysis of the results, the main conclusions 
of this study are: 
1) The new piggyback pipeline configuration can effectively reduce the pressure gradient 
between the upstream and downstream side of the pipeline, which can in turn reduce the local scour 
around the pipeline. The pressure gradient of the new piggyback pipeline decreases with the increase 
of the pipe diameter ratio. The strength of wake vortex is smaller than that of the typical piggyback 
pipeline under the same conditions. 
2) For the parameters tested in this study, the quasi-equilibrium scour extent (e.g. depth and 
width) around the new piggyback pipeline is smaller than that of typical piggyback pipeline for the 
same pipe diameter ratio under the same conditions. Both the quasi-equilibrium scour depth and 
width increase with the increase of Re number and decrease with the increase of the pipe diameter 
ratio.  
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Figure captions 
Fig.1.Schematic diagram submarine piggyback pipeline configuration 
Fig.2. Sketch of the experimental layout 
Fig.3. Photo showing the experimental measurement equipments 
Fig.4. Particle size distribution curve of the sand tested 
Fig.5. Computational mesh near the piggyback pipeline 
Fig.6. Locations showing the vertical velocity profiles taken from the numerical simulation 
Fig.7 Experimental photos showing the sediment transport and scour around various piggyback 
pipeline arrangements  
Fig.8. Variation of the scour depth (h) with time (t) for d=0.01m D=0.1m, Re=32000 and θ=0.0682 
Fig.9.Variation of pressure gradient radio with Re number for D=0.1m 
Fig.10. Force coefficients on the new piggyback pipeline for D=0.1m, Re=32000 and θ=0.0682 
Fig.11. Variation of equilibrium scour depth with Re number for different diameter ratios 
Fig.12. Variation of equilibrium scour width with Re number for different diameter ratios 
Fig.13. Comparison of experimental results and numerical simulation results for velocity 
distributions in different sections 
Fig.14. Comparison of simulated vertical velocity profiles for single pipe, typical piggyback 
pipeline (see Fig.1 (a)) and new type piggyback pipeline (see Fig.1 (b)) for D=0.1m, d=0.025m, 
Re=32000 and θ=0.0682. 
Table1. Experimental parameters* 
Run         D (m)           d(m)          diameter ratio (d/D)             v (m/s) 
1        0.08/0.1/0.12         0                     0                  0.2/0.25/0.32 
2          0.08     0.008/0.016/0.02/0.024      0.1,0.2,0.25,0.3             0.2/0.25/0.32 
3           0.1      0.01/0.02/0.025/0.03        0.1,0.2,0.25,0.3            0.2/0.25/0.32 
4          0.12     0.012/0.024/0.03/0.036      0.1,0.2,0.25,0.3             0.2/0.25/0.32 
*: D=main pipe diameter; d=small pipe diameter; v=incoming flow velocity 
 
 
 
 
 
 
 
List of symbols 
Nomenclature 
The following symbols are used in this paper: 
CD  the drag force coefficient 
CL    the lift force coefficient 
D   the diameter of main pipe 
Fd    the drag force 
FL    the lift force 
H   the depth of water 
KC  the Keulegan-Carpenter number 
N   the number of measurement point 
Pn   the pressure value measured at the N measurement point  
Re   the flow Reynolds number 
Uc   the incipient velocity of sediment  
W    the width of scour hole 
d   the diameter of small pipe 
ds   the mean particle size of sand; 
d50   the median diameter of sediment 
d/D  the diameter ratio 
e    the burial depth of piggyback pipeline 
g    the gravitational acceleration;  
h    the depth of scour hole  
n    the porosity of sediment 
ρ    the density of water;  
v    the velocity of current 
